In Standardbreds, the main aim of early training (begun during the growth period) is the mechanization of athletes leading to a particular gait called the 'flying trot'. The present cross-sectional study was undertaken to investigate the biomechanical and physiological factors involved in this gait change, and aimed to analyse the effect of age on gait and energetic variables in a population of Standardbred horses under training. One hundred and forty-three horses aged from two to seven years were tested on a track at three speeds (8.5, 10 and 11.6 m s 21 ) with a gaitanalysis system. Gait variables (temporal and linear variables, symmetry, regularity, two-beat rhythm, dorso-ventral, longitudinal and lateral activities) were compared between four age groups (two-, three-, four-, and five-year-olds and above). After a standardized exercise test, two energetic variables (V 4 and V 200 ) were also compared between these groups. Most variables were influenced by age/training status. The results indicated that, from young to mature racehorses, stride length and duration increase; and gait becomes more symmetric and more regular. We also observed a decrease in dorso-ventral, longitudinal and lateral activities, i.e. a decrease of thoracic displacements. These differences could be elucidated at slow speed and were still obvious at high speed. V 4 and V 200 also increased significantly with age/training status. All of these results indicate an improvement in co-ordination and a decrease in metabolic cost with increasing age/training status. Thus gait acquisition could be related to an improvement in trotting efficiency.
Introduction
Early identification of gait characteristics related to performance is the goal of any horseman in any equestrian activity. The development of equine gait-analysis systems has allowed the quantification of locomotor variables, but many factors of influence such as age or training have to be studied before establishing any correlations between these variables and performance. Concerning gait development in horses, some longitudinal studies have reported on the locomotion of the same horses at different ages 1 -3 . All of them described the early modification of gait, i.e. from four to 26 months of age; these changes were mainly associated with growth of the horses. The influence of training on locomotor pattern has also been investigated. Drevemo et al. 4 reported the locomotor changes observed in four Standardbred trotters between four and seven years of age, resulting from the effect of training. Other studies have reported the effect of training by comparing the locomotion of young horses involved in a training programme with that of a control group 1, 5 . Munoz et al. 6 reported changes associated with a 28-week training programme in 18 adult Andalusian horses. In addition, a cross-sectional experiment has been carried out to compare the kinematic variables of young and older Andalusian horses 7 . In Standardbreds, which begin training at two years old during the growth phase, it was assumed that trot co-ordination and the energetic cost of the trot change quickly with the maturation of motility and metabolism. Age-related changes in gait and physiological variables should be observed at the early stages of training. In addition, trotting at high speed (the so-called 'flying trot') requires good mechanization in order to reduce the energetic cost of that unnatural gait. All of these early functional changes should be determined to analyse the results of exercise tests in training assessment. It appeared interesting to investigate the biomechanical and physiological factors involved in these phenomena. Therefore, the aim of the present cross-sectional study was to analyse the effect of age on gait and energetic variables in a population of Standardbred horses under training.
Material and methods

Horses
A total of 143 horses, aged from two to seven years, were included in this cross-sectional study. They were all French Trotters, in full training, and clinically sound. They were divided into four groups in accordance with their age: two-year-olds (n ¼ 39), threeyear-olds (n ¼ 36), four-year-olds (n ¼ 33) and fiveyear-olds and older (n ¼ 35). All of the horses were measured at the withers.
All horses were exercised employing a traditional training schedule: two high-intensity training sessions per week completed by two or three low-intensity training sessions. High-intensity workouts were usually composed of two bouts of 2500 or 3000 m at medium speed (i.e. , 9 m s 21 for two-year-olds to 11 m s 21 for old horses), ending with 500 m at maximal speed. Low-intensity workouts usually consisted of 30 to 45 min at an average speed of 7.5 -8 m s 21 . Two-year-olds were not involved in competition, in contrast with three-year-old and older horses.
Exercise test
The horses performed an exercise test at increasing speed. All tests were realized on three similar racetracks. The absence of differences in physiological and biomechanical variables induced by a track effect has been ascertained 8 . For all horses, the locomotor test was performed after a 10 min warm-up and consisted of a straight line of 400 m at three increasing velocities: 8.5, 10 and 11.6 m s
21 . An experienced driver controlled the velocity with a tachometer (Speed Puls Equuse; Baumann et Haldi, Fleurier, Switzerland). Following the locomotor test, the physiological exercise test consisted of three steps of 3 min each. The speed of the horse was measured with a tachometer (composed of a magnet and an electromagnetic wave detector) fixed on a wheel of the sulky and connected to a display screen, to maintain the speed as constant as possible during each step. The speed was maintained constant during the steps and incremented from one step to another. The increment between the steps was in accordance with the age and training level of the subjects. For two-year-old horses, the velocities of each step were 8, 9 and 10 m s 21 ; for three-yearolds, the velocities were 8.5, 9.3 and 10.5 m s 21 ; and finally for the four-year-old and older horses, the velocities were 8.5, 10 and 11 m s 21 . The third step provided a blood lactate concentration higher than 4 mmol l 21 in accordance with the recommendation of Persson et al. 9 .
Gait-analysis system A three-dimensional accelerometer device (Equimetrixe; Centaure Metrix, Fontainebleau, France) was used for measuring the gait variables. It comprised an accelerometric transducer, connected to a small data logger. The transducer consisted of three orthogonal accelerometers measuring accelerations at the sternum, along the dorso-ventral, longitudinal and lateral axes of the horse. The accelerometers were moulded together to form a small block (4 cm £ 2.2 cm £ 1.7 cm), which was inserted into a small case on a specific girth harness. Thus, the transducer was located over the sternum of the horse, which provided good stability against the body of the horse, at about 60 cm from the centre of gravity of the animal at rest. The range of acceleration waŝ 10 g. The data logger was inserted into a leather pocket fixed on the left shaft of the sulky. This recorder collected data continuously for up to 38 min, at a sampling rate of 100 Hz. The data were transferred to a laptop computer at the end of the test.
Data analysis
The instantaneous speed and track of the horses were recorded, as a function of time, by a global positioning system (GPS) (Garmin 12e; Garmin Corp., Olathe, KS) placed on the left shaft of the sulky. An in-house programme permitted synchronization of the GPS and acceleration signals. In addition, we could identify those segments of the accelerometer signals corresponding to the horse trotting in a straight line on the track, and knew the exact speed of the horse along this straight line. Samples of 20.48 s, at constant speed, in a straight line along the racing track were analysed. The analysis was realized using signal analysis procedures, developed under a scientific software environment (Matlab 5e; The MathWorks Inc., Natick, MA), to extrapolate both dynamic and temporal stride variables.
Gait variables measured
Stride is defined as a full cycle of limb motion and, at a constant speed, the trot can be considered as a sum of stationary periodic motions.
. Velocity (m min 21 ): measured by two independent systems, the electromagnetic tachometer (Speed Puls Equuse) and the GPS system (Garmin 12e 
Physiological measurements
The procedure for determination of physiological variables was similar to those previously described by Couroucé et al. 11 . The reproducibility of this standardized exercise test under field conditions was described by Dubreucq et al. 12 . All horses were equipped with a device recording both heart rate and velocity during the test (Speed Puls Equuse). After downloading the heart-rate and velocity data, the average values during the three steps were determined. Because of the linear relationship between heart rate and velocity, linear regression was used to calculate the speed at a heart rate of 200 beats min 21 (V 200 ). Blood samples were drawn, from the jugular vein, into tubes containing anticoagulant (fluoride -oxalate) both before the test and at the end of the three steps of 3 min. Four blood samples of 200 ml were deproteinized with 2 ml of 0.6 N perchloric acid within an hour following the end of the test. The blood lactate concentration was determined by the enzymatic method of Boehringer.
After each standardized test, the relationship between blood lactate (La) and V was analysed using the exponential model described by Valette et al. 13 :
where A is the coefficient of curvilinearity, B and C are constants. La is expressed in mmol l 21 and V in m min 21 . V 4 corresponds to the average velocity that resulted in a blood lactate concentration of 4 mmol l 21 .
Statistical analysis
A repeated-measures analysis of variance (ANOVA) with the effect of speed and age was conducted for locomotor variables using statistical software (NCSS 1997e; NCSS, Kaysville, UT). Duncan's post hoc test was applied if a significant effect was found. A onefactor ANOVA was used to test the influence of age on the physiological variables V 4 and V 200 . A correlation matrix was also calculated to study the relationships between age, energetic and gait variables.
A level of significance of P , 0.05 was used throughout this study for all tests.
Results
Morphometric changes
Mean (standard deviation) height at the withers was (cm): 157.3 (4.9) for two-year-olds, 160.2 (4) for three-year-olds, 162.5 (3.3) for four-year-olds and 163.6 (4.4) for five-year-old and older horses. These differences were all significant (P , 0.05) except between the two older groups (four-and five-year-olds and older).
Speed-and age/training-related changes in gait variables As shown in Table 1 , most variables varied significantly with speed: stride frequency, stride length, regularity, percentage of two-beat rhythm, vertical, longitudinal and lateral activities, and stance duration. All except stance duration were also age-dependent. Only two variables appeared not to be dependent on speed and only age-dependent: vertical displacement and right braking duration (P . 0.05). Finally, for symmetry, regularity and two-beat rhythm, significant interactions between the effects of speed and age indicated that both are interdependent.
Age/training-related changes in linear and temporal variables As shown in Table 2 , stride frequency ( Fig. 1 ), stride length, right stance duration and right braking duration were not significantly different in the four age groups at the speed of 8.5 m s 21 . At the velocity of 10 m s 21 (Table 3) , stride frequency, stride length and right stance duration were still similar in the four age groups. However, right braking duration was significantly higher in three-year-olds compared with twoand five-year-olds (P , 0.05). Finally, as shown in Table 4 , at high speed only right stance duration appeared similar among age groups, all other variables being age-dependent. Stride frequency, stride length and right braking duration were significantly different between the three-year-old and five-year-old horses, the young horses showing a higher stride frequency, a shorter stride and a longer right braking duration (P , 0.05). Table 5 shows Spearman's correlations between age and the linear and temporal variables. Considering all data, no significant correlation was observed; however, considering only high-speed data, negative correlations were found between age and stride frequency (r ¼ 2 0.21, P , 0.05) and between age and right braking duration (r ¼ 2 0.22, P , 0.05).
Age/training-related changes in other gait variables Symmetry Symmetry (Fig. 2 ) was found to be significantly different between age groups at the three steps. At velocities of 8.5 and 10 m s 21 , symmetry was significantly lower in two-and three-year-olds compared with four-and five-year-old horses (P , 0.05). At high speed, lower symmetry was observed in two-year-olds compared with three-year-old and older horses (P , 0.05). The Spearman matrix (Table 5 ) indicated a strong and positive correlation between age and symmetry (r ¼ 0.36, P , 0.05 for all data; r ¼ 0.50, P , 0.05 at high speed).
Regularity and percentage of two-beat rhythm At slow speed, regularity (Fig. 3) and percentage of two-beat rhythm were significantly lower in the twoand three-year-old groups compared with four-and five-year-old horses (P , 0.05). At 10 m s 21 , regularity was significantly lower in two-and three-year-olds compared with four-and five-year-olds. For percentage of two-beat rhythm, a significant difference was observed between the two-and three-year-old horses compared with four-year-olds (P , 0.05). Finally, at high speed, regularity was significantly different in all age groups (P , 0.05), with older horses showing a higher score of regularity. Percentage of two-beat rhythm was lower in the two-year-old group compared with the three-year-old group. The three-year-olds had also a significantly lower percentage of two-beat rhythm than horses aged four years and above.
The correlations (Table 5) found between age and regularity were significant (r ¼ 0.44, P , 0.05 for all data; r ¼ 0.70, P , 0.05 at high speed). For percentage   FIG. 1 Velocity-related changes in stride frequency in the four age groups. *Three-year-olds significantly different from fiveyear-olds of two-beat rhythm, the correlations observed were also significant (r ¼ 0.28, P , 0.05 for all data; r ¼ 0.53, P , 0.05 at high speed).
Activities and vertical displacement
At the velocity of 8.5 m s 21 , vertical displacement (Fig. 4) , vertical activity (Fig. 5 ) and longitudinal activity (Fig. 6) were significantly higher in the twoyear-old group compared with the three-, four-and five-year-old groups (P , 0.05). Lateral activity (Fig. 7) was similar in the four age groups. At 10 m s 21 , vertical displacement, vertical activity and longitudinal activity were still significantly higher in the two-year-olds compared with the three-, four-and five-year-olds (P , 0.05). However, lateral activity was significantly lower in five-year-olds compared with two-, threeand four-year-olds (P , 0.05). Finally, at high speed, higher vertical displacement and vertical activity were observed in the two-year-old horses compared with the three-year-old and older horses (P , 0.05). 
FIG. 2
Velocity-related changes in symmetry in the four age groups. *Two-and three-year-olds significantly different from four-and five-year-olds; **two-year-olds significantly different from three-, four-and five-year-olds
FIG. 3
Velocity-related changes in regularity in the four age groups. *Two-and three-year-olds significantly different from four-and five-year-olds; **two-, three-, four-and five-year-olds all significantly different from one another
FIG. 4
Velocity-related changes in vertical displacement in the four age groups. *Two-year-olds significantly different from three-, four-and five-year-olds
Longitudinal activity was higher in the two-year-olds compared with the three-year-olds, which in turn were also significantly different from the four-year-old and older horses. For lateral activity, a significant difference was observed between three-year-olds and five-year-olds, the younger horses showing a higher value (P , 0.05). Table 5 shows the correlation between age and the different activities. Taking all data into account, no significant correlation was observed between age and lateral activity. However, vertical displacement, vertical and longitudinal activities were all significantly and negatively correlated to age (r ¼ 2 0.30, 2 0.18 and 2 0.31, respectively, P , 0.05). At high speed, these correlations were more obvious (r ¼ 2 0.27, 2 0.38 and 2 0.50, respectively, P , 0.05).
Age/training-related changes in physiological variables Figure 8 shows the mean values of physiological variables observed in the four age groups. Both V 4 and V 200 values were highly significantly different between age groups (P , 0.05):
. V 4 values increased significantly between two-and three-year-olds, and also between three-year-old and four-year-old and older horses; . V 200 values were significantly different in all age groups, with younger horses showing a lower V 200 . Table 5 indicates a significant and positive correlation between energetic variables and age. For V 4 and V 200 , the coefficients of correlation were respectively r ¼ 0.45 and r ¼ 0.47 (all data, P , 0.05).
Correlations between gait and physiological variables No significant correlation was found between physiological variables and linear or temporal variables. Nor could a correlation be observed between physiological variables and longitudinal activity. However, significant correlations were found between V 4 and V 200 and symmetry, regularity, two-beat rhythm, vertical displacement, and vertical and lateral activities. Significant 
Discussion
Modifications of linear and temporal variables
In our study, some significant differences between age groups in the temporal variables were observed at high speed. With increasing age/training, we found a significant decrease in stride frequency (i.e. an increase of stride duration), a significant increase in stride length, no change in stance duration and finally a decrease in braking duration. The first explanation for such results is the phenomenon of growth, expressed by the significant increase in height at the withers between two-and four-year-olds. These findings are in accordance with previous studies investigating the effect of training on locomotor variables. Drevemo et al. 4 compared the temporal variables of four Standardbred trotters on the track at the age of four and then three years later. At a velocity of 12 m s 21 , they found a significant increase in stride and swing duration, and no significant change in stride length and stance duration. As in our study, their most remarkable feature was that the increase in stride duration was almost exclusively a result of a longer swing phase. However, Cano et al. 7 found different results when comparing the temporal and linear variables of seven four-year-old with those of nine 12-year-old Andalusian horses. At a similar speed of 4 m s 21 , there were no significant differences in stride duration and length, or in stance duration, between the two age groups. Back et al. 5 also studied the influence of training on locomotion, comparing the kinematics of 12 Dutch Warmbloods (two-and-ahalf years old) trained during 70 days with those of a pastured control group. Their results revealed no significant changes in stride or stance durations in the forelimbs between the two groups; only a decrease of stance duration in the hind limbs in the trained group was found. Finally, Munoz et al. 6 compared the linear and temporal variables of 18 Andalusian horses aged three to four years before and after a training period of 28 weeks. At trot (4 m s 21 ), stride duration and length decreased significantly and there was no significant change in stance and braking durations. In growing horses, increases in stride length, stride and stance duration owing to an increase in height at the withers have also been reported 2, 3 . Thus, conclusions in regard to the effects of training on gait variables are rarely unanimous. Many reasons could be proposed to explain the variability in response, such as the breeds studied and their own gait particularities (Standardbreds, Andalusians, Dutch Warmbloods), length of the training regimen (from 70 days up to . three years), the type of training (slow or fast gaits, mounted or harnessed) and the methods of evaluation (treadmill or track).
Modifications of dynamic gait variables Symmetry
This variable quantifies the ability of the horse to produce the same pattern of acceleration with the right and left diagonals. In our study, this variable seemed particularly interesting in two aspects. First, even for sound horses, young ones (two and three years of age) were less symmetrical than old ones at slow and medium speed. Drevemo et al. 1 have studied longitudinally the symmetry of gait of two groups of five trotters at eight, 12 and 18 months of age. One group was being trained and the other used as a control. The locomotor test was performed on a treadmill at a velocity of 4 m s 21 . In contrast to our study, their main results were that, at 18 months of age, the trained group showed less symmetry (in diagonal dissociation, diagonal and fore step lengths) than the control group. The authors interpreted the increasing asymmetries with age as manifestations of already existing asymmetries or laterality, which might be influenced by physical activity and training. Second, at high speed in our study, the significant event was the great loss of symmetry in the two-year-old group. In contrast to old horses, the young ones appeared very speed-sensitive with respect to their ability to maintain a symmetric gait. In humans, optimization of symmetry in walking has been described in adults compared with children 14 . Asymmetry is a measure of gait typically used to identify immature locomotor patterns 15, 16 . Moreover, according to Raibert 17 , symmetry plays a role in simplifying the control of locomotion; a legged system could avoid controlling the detailed variations of each joint, concentrating instead on providing initial conditions on each stride that would lead to steadystate forward travel.
Regularity and two-beat rhythm These two variables reflect, respectively, the capacity of the horse always to repeat the same stride consecutively and the ability to trot with an ideal two-beat rhythm, without asynchrony. The main characteristic of these variables was that they decreased with speed at any age. The improvement in regularity seemed to be a long process as it continued up to age five and above. These variables could characterize better co-ordination with increasing age and training. Another interesting similarity between our findings and human gait acquisition was the greater variability of variables in younger individuals compared with older ones. Brown and Parker 18 compared cross-sectionally the gait patterns of 29 children aged between five and seven years. Their evaluation of changes in the variability of limb and pelvic movements with age showed that the five-year-old children had significantly more variability in their movement than the older children. The same comment could be made for most of our gait variables. Variability of locomotor variables has also been described as being typical of a deteriorated and less efficient gait 19 .
Activities Activities (vertical, longitudinal and lateral) are a quantification of the amplitude and frequency of movement in three dimensions. All three activities were found to be age-dependent: young horses presented higher activities than old ones. Interestingly, the maturation of locomotor pattern seemed to occur in a chronological order. A period of change in vertical activity appeared to be the first and shortest one in the process of gait development. Vertical activity at three years of age was similar to that measured in the older groups. In the same way, vertical displacement was greater in two-year-olds compared with three-year-old and older horses. The hypothesis of better utilization of potential energy, well-described in walking acquisition of children, can be proposed.
Longitudinal activity also decreased significantly between two and four years of age. Studying a population of 24 trotters aged from two to eight years, Barrey et al. 20 also found that older horses produced lower peaks of longitudinal activity. Their interpretation of this phenomenon was an improvement in locomotion efficiency. In the present study, achieving optimal longitudinal activity took more time than for vertical activity. Finally, lateral activity was significantly different between four and five years of age, indicating that optimization of lateral movements occurred later than for the two other axes. In humans, Miyamaru et al. 21 cross-sectionally investigated the development of running motion in 200 young children (from three to seven years old), focusing on the path of the centre of gravity. Their results revealed that the undulating path of the centre of gravity for young children changed to a flatter one in older children, i.e. the running motion of young children became less bouncy with increasing age.
As previously noted, our gait variables behaved differently with regard to onset (early/late) and length of the maturation process. Some variables -such as symmetry, vertical activity and displacement, regularity and two-beat rhythm -started to change quite early (i.e. between two and three years of age) compared with variables that were modified later (lateral activity). The length of acquisition could also be very different, with variables being modified quickly (in one year) such as symmetry, vertical activity and displacement. On the contrary, some of them showed a very long process of modification (regularity). The chronology of these changes is shown in Fig. 9 . A chronology in gait acquisition has also been described in humans. Jeng et al.
14 identified three stages of learning in the development of optimization of walking in children. They found an early manifestation of sensitivity to resonant frequency, subsequent development of the ability to modulate walking frequency and finally the establishment of an adult optimization form at age seven.
Economy of locomotion
Use of and interest in triaxial accelerometers to quantify the energy cost of physical activities have already been reported in humans 22, 23 . In our study, some variables could reflect a better economy of locomotion with increasing age and training status. The ability to maintain a more symmetric, more regular locomotor pattern, limiting thoracic displacements (i.e. minimal vertical, longitudinal and lateral activities) might be a partial explanation of better gait economy. Interestingly, when listing 17 biomechanical factors related to better economy in human runners, Anderson 24 evoked freely chosen stride length, low vertical oscillations of the body's centre of mass, low peaks of ground reaction force (GRF) and low arm motions. Williams and Cavanagh 25 reported moderate to weak relationships between GRF and running economy. More economical runners exhibited significantly lower first peaks in the vertical component of GRF and tended to have smaller antero-posterior and vertical peak forces. Krahenbuhl and Williams 26 exposed the main characteristics of improvement in running economy and its changes with age during childhood and adolescence. In this review, the authors concluded that children were less economical than adults because of their higher resting metabolic rates, higher oxygen cost of respiration and disadvantageous stride rates and stride lengths (imposed by shorter limbs). In other species (pigs), there is also evidence that immature tendons are less able to store elastic energy than   FIG. 9 Chronology of the maturation of gait variables more mature tendons, and that they become stronger, stiffer and more resilient with growth and ageing 27 . According to Krahenbuhl and Williams 26 , running economy improves steadily with age in normally active children and instruction on the techniques of running over a short term (two-three months) is ineffective in bringing about an improvement in running economy. However, over the longer term (years), improvements in running economy may be augmented through participation in running training programmes. Anderson suggested that training-related improvements in economy might be invoked by refinement of mechanical elements such as stride length and frequency, or integration and timing of muscle activity, so that elastic energy is stored and reused more efficiently. Changes in metabolic profiles within muscles may also make a contribution, as it has been shown that higher percentages of slow-twitch fibres are associated with better economy 28 . It has also been suggested that, in humans, economy may be improved through reduced heart rate and ventilation subsequent to training.
In our study, improvement in the economy of locomotion can be revealed by comparing energetic variables between age groups. Velocity that results in a blood lactate concentration of 4 mmol l 21 is considered a good indicator of endurance performance capacity in horses 9 . A previous study has described the relationship between V 4 and age in French Trotters 11 . Mean values of V 4 obtained here were very similar those given in this previous report. Moreover, the same difference between age groups was found: V 4 increases largely from two to four years of age and then stabilizes in five-year-old and older horses. Growth in young trotters (between one and three years old) results in an increase in muscle aerobic capacity based on muscle enzyme activities 29 . Whether the effect observed in the present study was due to age and/or training remains unanswered owing to the absence of a control group. These energetic considerations, expressed as better aerobic capacity in older horses, could also be in accordance with a more economical gait due to better mechanization of the athletes. Finally, the significant correlations found between energetic variables and symmetry, regularity, percentage of two-beat rhythm, vertical displacement, and vertical and lateral activities indicate the interdependence between metabolic cost and gait pattern.
Conclusion
In the present study, most locomotor variables studied varied with both speed and age/training status. Concerning age/training status, gait acquisition was observed between young and older horses, as all variables, except stance duration, were found to be significantly different between age groups. This maturation consisted of an increase in stride duration and length, an improvement in symmetry and regularity of the trot, and also a decrease of thoracic displacements in the three axes. Onset (early or late) and duration of the maturation of each gait variable were different. The biomechanical findings in this study indicated an improvement in co-ordination and could also partly explain the better economy of locomotion, which, in many physical activities, distinguishes the experienced athlete from the beginner. In conclusion, age and training status are important factors affecting the variation of gait variables in Standardbreds and should be taken into account in further biomechanical studies.
